The treatment of ischemic strokes is limited to prophylactic agents that block the coagulation cascade. Here, we show that cholesterol-lowering agents, 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitors, protect against cerebral injury by a previously unidentified mechanism involving the selective up-regulation of endothelial NO synthase (eNOS). Prophylactic treatment with HMG-CoA reductase inhibitors augments cerebral blood f low, reduces cerebral infarct size, and improves neurological function in normocholesterolemic mice. The up-regulation of eNOS by HMG-CoA reductase inhibitors is not associated with changes in serum cholesterol levels, but is reversed by cotreatment with L-mevalonate and by the downstream isoprenoid, geranylgeranyl pyrophosphate and not by farnesyl pyrophosphate. The blood f low and neuroprotective effects of HMG-CoA reductase inhibitors are completely absent in eNOS-deficient mice, indicating that enhanced eNOS activity by HMG-CoA reductase inhibitors is the predominant if not the only mechanism by which these agents protect against cerebral injury. Our results suggest that HMG-CoA reductase inhibitors provide a prophylactic treatment strategy for increasing blood f low and reducing brain injury during cerebral ischemia.
Ischemic stroke is the third leading cause of death in the United States and is frequently associated with long-term disability, especially in the elderly population and in patients undergoing cardiovascular surgery (1) . Currently, few therapeutic options are available for the treatment of ischemic strokes with prophylactic treatment strategies limited mainly to agents that block platelet aggregation or the coagulation cascade (2) . Although clinical trials have demonstrated the effectiveness of antiplatelet agents in decreasing the incidence of ischemic strokes, these agents, however, do not address the larger issue of reducing cerebral infarct size (2) .
The 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitors are potent inhibitors of cholesterol biosynthesis (3, 4) . These drugs, which are also referred to as statins according to their generic names like simvastatin (Sim), lovastatin (Lov), pravastatin, and atorvastatin, are widely prescribed to treat hypercholesterolemic individuals (5) (6) (7) (8) (9) . Recent large clinical trials demonstrate that statins markedly decrease serum cholesterol levels and reduce the incidence of myocardial and cerebral infarctions (5) (6) (7) (8) 10) . It is presumed that by lowering serum cholesterol levels, statins may cause regression or stabilization of atherosclerotic plaques (11) . However, recent studies have challenged this notion and suggest that the beneficial effects of these agents may extend beyond cholesterol reduction (12) (13) (14) (15) (16) (17) . For example, meta-analyses of recent lipid-lowering clinical trials suggest that despite comparable reduction in serum cholesterol levels, the risk of myocardial infarctions in the statin-treated group is significantly lower compared with other agents or modalities used to decrease serum cholesterol levels (12-15). Furthermore, treatment with statins improves endothelial function in the absence of significant changes in serum cholesterol levels (15, 16) . These results are consistent with recent findings that statins can directly up-regulate endothelial (type III) NO synthase (eNOS) expression in vitro under cholesterol-clamped conditions (18) (19) (20) .
NO is an important mediator of vascular homeostasis and blood flow (21) (22) (23) (24) (25) . The loss of endothelial NO impairs vascular function in part by promoting vasoconstriction, platelet aggregation, smooth muscle cell proliferation and leukocyte adhesion (21, 25) . Indeed, mice that lack the gene for eNOS are relatively hypertensive and exhibit larger cerebral infarctions after middle cerebral artery (MCA) occlusion (23, 26) . Similarly, inhibition of eNOS activity decreases cerebral blood flow (CBF) and promotes tissue damage after focal ischemia (27) . In contrast, enhanced NO production by either administration of NO donors or the eNOS substrate, L-arginine, confers stroke protection after induction of cerebral ischemia (28) (29) (30) .
We hypothesize that HMG-CoA reductase inhibitors modulate eNOS expression and protect against ischemic strokes by mechanisms that are independent of serum cholesterol levels. The purpose of this study, therefore, is to determine whether treatment with HMG-CoA reductase inhibitors can reduce cerebral ischemia and infarct size by up-regulating eNOS expression and activity in normocholesterolemic mice.
provided by Gloria Lee, Harvard Medical School. Cells were cultured and differentiated by treatment with 16 nM 12-Otetradecanoylphorbol 13-acetate (Sigma) for SH-SY5Y and with 100 ng͞ml of mouse nerve growth factor (Promega) for PC-12 as described (31, 32) . Hypoxic conditions and evaluation of survival by trypan blue exclusion were performed as reported (18, 19) .
Western Blot Analysis. Immunoblotting using a murine mAb to human eNOS (Transduction Laboratories, Lexington, KY) was performed as described (18) (19) (20) .
Drug Treatment. All animal experiments were conducted in accordance to National Institutes of Health and institutional guidelines. 129͞SVEvTacBR mice (18-22 g, Taconic Farms), C57BL͞6NCrlBR mice (Charles River Laboratories) and eNOS-deficient mice (23) (18-22 g) were injected s.c. with 0.1 ml of activated Sim or Lov (0.2-20 mg͞kg) or a corresponding volume of PBS once daily for 3 or 14 days.
Model of Focal Cerebral Ischemia. Animals were anesthetized with 1.5% halothane and maintained on 1.0% halothane in 70% N 2 O and 30% O 2 by a face mask. Cerebral infarcts were produced by 2 h of MCA occlusion followed by reperfusion as described (26, 27, 33) . To do so, we introduced a siliconecoated 8-0 monofilament in the internal carotid artery and advanced it. After 2 h the animals were briefly reanesthetized and the filament withdrawn. Regional CBF and physiologic parameters were monitored as described (26, 27, 33) . In randomly selected animals the left femoral artery was cannulated for arterial blood pressure and blood gas determination. Arterial blood samples were analyzed for pH, arterial oxygen pressure and partial pressure of carbon dioxide by using a blood gas͞pH analyzer (Corning 178, CIBA-Corning Diagnostics, Medford, MA). Rectal temperature was maintained at 36.5 Ϯ 1°C with a temperature control unit (FHC, Brunswick, ME) during the monitoring period. In some animals anesthesia was withdrawn after MCA occlusion and normal fluctuations in rectal and temporalis muscle temperature were measured for up to 12 h.
Neurological Deficits. Animals were tested for neurological deficits [from 0 (no deficit) to 3 (severe)] either 22 or 70 h after reperfusion by an impartial observer as described (33) .
Determination of Infarct Size. After sacrifice, cerebral infarct sizes were determined on 2,3,5-triphenyltetrazolium chloride (TTC)-stained 2-mm brain sections (24 h) or hematoxylin and eosin-stained 20-m cryostat sections (72 h) by means of an image analysis system (M4, Imaging Research, St. Catherine's, ON, Canada) as described (26, 27, 33) . After 24 h, the TTC-method cannot reliably determine infarct size because of invading white blood cells and microglia.
Determination of Absolute CBF. Absolute CBF was measured in anesthetized and ventilated animals under resting conditions or 30 min after filamentous MCA occlusion by using an indicator fractionation technique as described (34) . For measurements during ischemia, tissue was obtained and values compared from homologous regions (ischemic and contralateral) enriched with tissue in the middle cerebral artery territory.
Laboratory Testing. Serum cholesterol, glucose, creatinine, creatinine kinase, and transaminases were determined by Tufts Veterinary Diagnostics Laboratory (Grafton, MA).
Semiquantitative Reverse Transcription-PCR. Tissues (aortas or cerebral hemispheres) were quickly isolated and frozen after sacrifice. Total RNA isolation, reverse transcription, and semiquantitative competitive PCR was performed according to standard techniques. The sense (5Ј-TTCCG-GCTGCCACCTGATCCTAA-3Ј) and antisense (5Ј-AA-CATATGTCCTTGCTCAAGGCA-3Ј) primers for eNOS amplified a 340-bp fragment of murine eNOS that was confirmed by DNA sequencing (35, 36) . Primer pairs for neuronal NOS (nNOS), inducible NOS (iNOS), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as described elsewhere (35) (36) (37) . Each PCR cycle consisted of denaturing at 94°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 60 s. The linear exponential phases for eNOS and GAPDH PCR were 35 and 22 cycles, respectively. Equal amounts of corresponding NOS and GAPDH reverse transcription-PCR products were loaded on 1.5% agarose gels. Optical densities of ethidium-bromide stained DNA bands were quantitated using the National Institutes of Health IMAGE program (19) and results are expressed as NOS͞GAPDH ratios.
NOS Catalytic Activity. Ca 2ϩ -dependent NOS catalytic activity was measured by the conversion of [ 14 C]arginine to [ 14 C]citrulline according to standard protocols with modifications as described (23, 35) .
Data Analysis. Data are presented as mean Ϯ SE. Differences between treatment and control groups were compared by paired or unpaired two-tailed Student's t test or by ANOVA followed by Scheffe test (physiologic parameters) or Bonferroni test (absolute CBF). For comparisons of neurological deficits a nonparametric test was used (Mann-Whitney rank sum U test). P values of Ͻ0.05 were considered statistically significant.
RESULTS

Reduction of Ischemic Stroke
Size by Statin Administration. To determine whether statin administration confers protection against ischemic stroke, 129͞SV wild-type mice were s.c.-injected daily for 14 days with an HMG-CoA reductase inhibitor Sim (0.2, 2.0 and 20 mg͞kg) before MCA occlusion. Cerebral infarct volumes were determined by computer image analysis of TTC-stained 2-mm brain sections. In a concentration-dependent manner, treatment with Sim for 14 days reduced cerebral infarct size by 18, 27 and 46% (Fig. 1A) 
FIG. 1. (A)
The effects of Sim (0.2, 2.0 or 20 mg͞kg s.c. daily for 14 days) on cerebral infarct volume after 2 h of filamentous MCA occlusion and 22 h of reperfusion compared with vehicle-injected 129͞SV mice. Cerebral infarction volume was determined quantitatively by TTC staining as described (31) . Smaller infarct sizes were confirmed with an indirect method that corrects for brain swelling (31) . (n ϭ 9-18 per group). ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. (B) Neurological sensory-motor deficits were significantly reduced in Sim-treated 129͞SV mice compared with controls at 24 h. Deficits were evaluated blindly by an observer using an established rating system ranging from 0 (no deficit) to 3 (severe) (31) . (n ϭ 9-18 per group). ‫,ء‬ P Ͻ 0.05. (Fig. 1B) . The smaller cerebral infarcts after Sim (2 mg͞kg, 14 day pretreatment) persisted for at least 3 days (37% reduction in stroke size compared with vehicle after 72 h, n ϭ 8 and 9, P Ͻ 0.01). Similar neuroprotective effects of Sim were observed in C57BL͞6 mice (32% reduction in infarct size compared with untreated animals after 24 h; P Ͻ 0.05, n ϭ 8).
To evaluate the time-dependent effects of statin administration, animals were pretreated with Sim (2 or 20 mg͞kg daily) for a shorter duration before MCA occlusion. Treatment with Sim (20 mg͞kg) for 3 days produced less neuroprotective effects compared with that of 14 days (Table 1) . To determine if the neuroprotective effects of Sim are shared by other statins, mice were treated with another HMG-CoA reductase inhibitor, Lov (20 mg͞kg daily) for 14 days. Lov also decreased cerebral infarct size and neurological deficits, albeit to a lesser extent (Table 1 ) compared with Sim (Fig. 1) . The lower potency of Lov at equimolar concentrations (Ϸ49 mol͞kg) corresponds to the Lov's higher IC 50 value for HMG-CoA reductase compared with that of Sim (38) .
Systemic Physiologic Parameters Are Unaltered after Chronic Statin Administration. Physiological variables were monitored for each treatment group (Sim: 0.2, 2, and 20 mg͞kg daily for 14 days, n ϭ 6 per group) before, during and after MCA occlusion (Table 2) . Overall, there were no significant changes in arterial blood pressure, heart rate, glucose, PaCO 2 , PaO 2 , pH, or rectal temperature in the treatment groups compared with controls, although treatment with the highest concentration of Sim (20 mg͞kg) caused a slight decrease in blood pressure during and a small increase in heart rate after MCA occlusion. These changes, however, are minimal, and most likely, are the result of higher eNOS activity. Rectal and temporalis muscle temperatures did not differ between groups (ϮϽ0.3°C; P Ͼ 0.05) when measured hourly for up to 12 h after MCA occlusion in vehicle and treated animals (n ϭ 5 per group). The changes in regional CBF (rCBF) were comparable between the control and treatment groups indicating that all of the mice were subjected to a similar degree of ischemia after MCA occlusion relative to their basal CBF ( Table 2 ). In addition, when metabolic variables were examined such as serum glucose, total cholesterol levels, and markers of hepatic and renal function, there was no significant difference between control and treatment groups (Table 3) .
Chronic Statin Administration Augments Absolute CBF. To determine whether the stroke protective effects of Sim were due to a vascular effect, absolute CBF was measured in ventilated mice by using an indicator fractionation technique (34) . Treatment with Sim (20 mg͞kg) increased basal hemispheric CBF by 31% compared with controls (151 Ϯ 5 vs. 117 Ϯ 7 ml͞100 g per min, P Ͻ 0.05, n ϭ 8 per group). Similar increases in resting blood flow were observed in cerebellum and brainstem. Again, when rCBF was measured by using laser-Doppler flowmetry, equivalent percent reductions in rCBF were observed in the treatment group compared with controls (31) . Cerebral infarct volume was determined on TTC-stained brain sections at 24 h. Neurological deficits were rated by an observer naïve to the treatment group or protocol prior to sacrifice. ‫,ء‬ P Ͻ 0.05. Mice were injected subcutaneously with Sim (0.2, 2.0, or 20 mg͞kg) or saline (controls) for 14 days and then subjected to 2-h MCA occlusion followed by reperfusion (31) . MABP (mean arterial blood pressure), HR (heart rate, in beats per min), and rCBF were measured at baseline, during MCA occlusion, and until 30 min after reperfusion (31) . Fifty microliters of blood was withdrawn twice, before and directly after MCA occlusion for blood gas determination (pH, PaCO2, PaO2). Rectal temperatures were maintained at 36.5°C Ϯ 1°C by a heating blanket and a feedback control unit and did not differ between groups. Data are presented as mean Ϯ SE. ‫,ء‬ P Ͻ 0.05 vs. control, Sim 0.2 and Sim 2.0; ‫,ءء‬ P Ͻ 0.05 vs. control, Sim 0.2, Sim 2.0, and vs. baseline and during MCA occlusion. dependent NOS activity in murine aortas by 1.8-to 3.0-fold (Fig. 3) . Because of the presence of nNOS, it is not possible to determine eNOS activity in the brain by using the Ca To determine whether increases in NOS activity correlated with increases in eNOS expression, we performed semiquantitative reverse transcription-PCR (on aortas and brains from control and Sim-treated mice). In a concentration-dependent manner, treatment with Sim increased eNOS mRNA levels in the aortas and also in brains of Sim-treated mice (Fig. 4 A and  B) . However, treatment with Sim did not alter the expression of neuronal NOS in the brain and little or no neuronal NOS was detected in the aorta (not shown). Inducible NOS was not detected under our experimental conditions (not shown).
Inhibition of Geranylgeraniol but Not Cholesterol Synthesis Mediates eNOS Up-Regulation. The stroke protective effects of Sim occurred in normocholesterolemic mice and in the absence of significant changes in serum cholesterol levels ( Table 3 ). The up-regulation of eNOS expression in vitro was completely reversed in the presence of L-mevalonate indicating that increases in eNOS expression are mediated via inhibition of endothelial rather than hepatic HMG-CoA reductase (Fig.  5A ). To determine which downstream isoprenoid intermediate(s) regulates eNOS expression, endothelial cells were treated with Sim (1 M) in the presence and absence of geranylgeranyl pyrophosphate (5 M) or farnesyl pyrophosphate (5 M). Increase in eNOS protein expression by Sim was not altered by farnesyl pyrophosphate but was completely reversed by geranylgeranyl pyrophosphate, suggesting that inhibition of geranylgeraniol synthesis mediates eNOS upregulation (Fig. 5B.) No Stroke Protection in eNOS-Deficient Mice Treated with Statins. To test our hypothesis that eNOS mediates the stroke protective effects of Sim, we performed similar experiments in eNOS-deficient mice. The background of eNOS-deficient mice is a mixture of 129͞SV and C57BL͞6 transgenic strains. Compared with 129͞SV or C57BL͞6 wild-type mice, treat- of 129͞SV mice after 14 days of treatment. Specificity was determined by the lack of eNOS mRNA in eNOS-deficient mice (KO). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression did not change with treatment and was used as an internal standard (n ϭ 5 per group). Mice were injected subcutaneously with Sim (2.0 or 20 mg͞kg) or saline (controls) daily for 14 days. Blood was withdrawn and serum levels of cholesterol, alanine aminotransferase (ALT), creatinine, and glucose were determined. There were no statistically significant differences between groups.
FIG. 2. Effects of Sim on absolute CBF during focal cerebral ischemia in anesthetized and ventilated wild-type 129͞SV mice. Mice were injected s.c. with saline (n ϭ 10) or Sim 20 mg͞kg (n ϭ 10) for 14 days. Absolute CBF was determined 30 min after filamentous occlusion of the left MCA in the ischemic tissue (ipsilateral) and corresponding tissue from the contralateral hemisphere by using an indicator fractionation technique (32) . ‫,ء‬ P Ͻ 0.05. ment with Sim had no effect on CBF, infarct size, or neurological deficits in eNOS-deficient mice (Figs. 6) . Furthermore, the percent reduction in rCBF during ischemia was not different in Sim-and vehicle-injected eNOS-deficient mice (14 Ϯ 2% and 15 Ϯ 3% of baseline, P Ͼ 0.05) and serum cholesterol levels in eNOS-deficient mice were not significantly affected by treatment with Sim (120 Ϯ 20 vs. 140 Ϯ 7 mg͞dl, P Ͼ 0.05). Again, eNOS-deficient mice have similar levels of neuronal NOS as wild-type mice and no detectable iNOS expression.
DISCUSSION
The major finding in this study is that prophylactic treatment with HMG-CoA reductase inhibitors protects against ischemic strokes after focal brain ischemia. This is in contrast to previous clinical studies that demonstrate decreases in the incidence but not the size of ischemic strokes due to reductions in serum cholesterol levels (5, 6) . Indeed, we find that under our treatment conditions, HMG-CoA reductase inhibitors up-regulate eNOS expression and activity in the absence of significant changes in serum cholesterol levels. The upregulation of eNOS by HMG-CoA reductase inhibitors leads to an increase in CBF, smaller cerebral infarcts, and decreased neurological deficits in wild-type mice. The mechanism of protection may relate to augmented blood flow but may also stem from other known NO-mediated effects such as inhibition of platelet aggregation or leukocyte adhesion.
The reduction in cerebral infarct size in statin-treated mice was maintained for up to 72 h after MCA occlusion indicating that the beneficial effects of these agents were not transitory. Treatment with statins did not significantly affect physiological parameters such as systemic blood pressure, heart rate, temperature, or blood gases or metabolic variables such as serum glucose or cholesterol levels. Furthermore, the levels of nNOS and iNOS mRNA were not different in wild-type and eNOSdeficient mice and were not changed by subsequent statin treatment. The stroke protective effects of increased vascular NO production are consistent with prior studies demonstrating that intravenous administration of the NO precursor, L-arginine, or an NO donor augments CBF and decreases cerebral ischemia after MCA occlusion in rats (28) (29) (30) . In fact, Sim-induced augmented CBF values exceeded a critical threshold for CBF in the occluded MCA territory associated previously with a measure of functional recovery (electrocorticogram activity) (28) .
The beneficial effects of HMG-CoA reductase inhibitors, however, were absent in eNOS-deficient mice indicating that most if not all beneficial effects are mediated by eNOS. Although infarction volumes were smaller than predicted in eNOS knockout mice, they were large enough to measure a protective effect if present. In fact, infarct volumes were in the range of values reported previously in wild type mice (39) and considerably larger than values obtained in this model after protection with Sim and other treatments such as MK-801 (40), caspase inhibitors (41), or poly(ADP-ribose) polymerase inhibitors (33) .
Because many ischemic strokes occur in individuals with average cholesterol levels who may not otherwise be taking statin therapy (8, 10) , the up-regulation of eNOS by HMGCoA reductase inhibitors may be an effective prophylactic treatment strategy for limiting the severity of ischemic strokes in high risk individuals such as patients with a prior history of stroke or transient ischemic attacks. These agents may also be (14) (15) (16) (17) , pulmonary hypertension (43) , and congestive heart failure (44) . The mechanism by which HMG-CoA reductase inhibitors increase eNOS expression and activity occurs via stabilization of eNOS mRNA rather than induction of eNOS gene transcription (19, 20) . Furthermore, we have identified the isoprenoid intermediate, geranylgeraniol, the synthesis of which, negatively regulates eNOS expression. These findings are consistent with the cholesterol-independent effect of HMGCoA reductase inhibitors on eNOS expression and endothelial function.
Because HMG-CoA reductase inhibitors decrease cerebral infarct size in the absence of significant changes in serum cholesterol levels, our findings are distinct from the results of large clinical trials where these agents are found to lower serum cholesterol levels and reduce the incidence of ischemic strokes (5) (6) (7) (8) . We speculate that HMG-CoA reductase inhibitors may have contributed to the decrease in the incidence of ischemic strokes, in part, by reducing cerebral infarct size to levels that are clinically unappreciated. Based upon our findings, we propose that prophylactic treatment with HMG-CoA reductase inhibitors can decrease the severity of cerebral ischemic damage irrespective of serum cholesterol levels.
